Abstract-As transistor densities on integrated circuits (ICs) continue to grow, off-chip bandwidth is becoming an ever-increasing performance-limiting bottleneck in systems. Electronic multichip module and printed circuit board packaging technology has not kept pace with the growth of interchip interconnection requirements. Recent advances in "smart pixel" technology offer the potential to use optical interconnects to overcome the interchip input/output bottleneck by linking dense arrays of vertical cavity surface emitting lasers and photodetectors. For optical interconnections to be relevant to real systems they must be able to be manufactured and packaged inexpensively and robustly. This paper introduces an optical design and packaging approach that utilizes multiple sizes (or scales) of optical elements to simplify the design of the optical interconnection and coupling while providing an enhanced degree of insensitivity to misalignments inherent in the packaging of these systems. The scales of the optical elements described are: the size of the IC (termed macrooptical); the size of the pitch of optical I/O (termed microoptical); and sizes in between (termed minioptical) which are smaller than the size of the IC but cover several optical I/O. This paper describes the utility of elements of each of these scales and shows that, through the combination of them, simple robust systems can be constructed. Two case studies for applying this multiscale optical design are examined. The first case study is a global chip-to-chip optical interconnection module (termed free-space accelerator for switching terabit networks) that uses a macrolens array and mirror to effect the all-to-all optical interconnection pattern among an array of ICs on a single board. Micro-and miniscale optical elements simplify the design of the macro-lens by performing corrections at scales where they are more effective. In this system, over 11 000 optical links are implemented across a five inch multichip module with diffraction limited RMS spot sizes and registration errors less than 5 m. The second case study analyzes designs for board-to-board optical interconnections with throw-distances ranging from one millimeter to several centimeters. In this case, micro-and miniscale optical interconnections provide insensitivity to misalignments. The results show the feasibility of an optical coupler that can tolerate the typical packaging misalignments of 5 to 10 mil without placing rigid constraints on the angular sensitivity of the modules. The multiscale optical interconnection and coupling concept is shown to provide an approach to simplifying design and packaging-and, therefore, the costs-associated with implementing optical interconnection systems.
Index Terms-Optical design, optical interconnections, vertical cavity surface emitting lasers (VCSELs).
I. INTRODUCTION/BACKGROUND
T HE combination of free-space optical interconnections (FSOI) with smart pixel technology [based on the integration of Silicon ICs with arrays of vertical cavity surface emitting lasers (VCSELs) and photodetectors] is projected to enable chip-to-chip interconnection fabrics that achieve bandwidth densities on the order of a terabit per second per cm [1] . Scalable global (i.e., chips-to-chips) interconnection fabrics that achieve minimum bisection bandwidths in the multiterabits per second regime may be implemented using multiple optoelectronic integrated circuits linked to each other in the manner depicted in Fig. 1 [2] . This approach is the basis for a global chips-to-chips interconnection approach termed free-space accelerator for switching terabit networks (FAST-Net) [3] , [4] . In this approach, the optical input/output (I/O) from any single smart pixel array (SPA) chip, located at a lens's focal plane, are linked to portions of the I/O arrays of all chips in the system. To achieve this, clusters of VCSELs and photodetectors are imaged onto corresponding clusters on other chips. Multiple point-to-point links are established between cluster pairs on different SPAs. The clusters are interleaved to achieve a global interconnection pattern across the multichip plane, thus effecting a high-density bidirectional data path between every pair of SPA chips on the electronic multichip module (MCM). SPA chips with integrated VCSEL/detector arrays that have emitter and receiver elements sizes of 10 and 50 m, respectively, and with element-to-element spacing as small as 125 m, have been evaluated in a prototype interconnection fabric [3] , [4] . To fully exploit the smart pixel I/O density, the global optical interconnection module must provide flat, high resolution, near distortion-free image fields, across a wide range of ray angles, with low optical loss.
Modern optical design and manufacture techniques achieve wide-field imaging systems with high resolution. Low loss is achievable by optimizing lens designs that minimize the number of elements and employ antireflection coatings. Simultaneously achieving high registration accuracy across the entire field, however, is more challenging and can lead to complex multielement solutions for the lens design. The initial FAST-Net prototype employed a set of matched 7-element off-the-shelf lenses. The prototype performed well in terms of registration and resolution [3] , Fig. 1 . Multichip interconnection fabric achieves a high-density global multichip interconnection across an array of chips, thereby leveraging both the high bandwidth and high minimum bisection bandwidth ability of smart pixel technology and FSOI. [4] with SPAs that had small ( 1 mm in diameter) VCSEL/photodetector clusters separated by several millimeters. The first generation prototype system, however, was not suitable for the eventual large scale systems, which will require larger clusters of optical input/output that are more closely spaced. We define registration accuracy here as the difference between the location of the image of a VCSEL and the location of its corresponding detector. In the system, registration must be maintained at a level much less than the size of the detector m across the entire multichip plane ( 10 cm). A comprehensive approach to designing the linking lens array, which maximally exploits the unique features of the global multichip VCSEL-based architecture, was required.
In this paper, key elements of a new design approach for the optical interconnection modules are reviewed. The approach is centered on the optimization of a new hybrid lens concept that employs elements at three scales: micro-, mini-, and macrooptical. These three scales are matched to the three physical scales of the VCSEL/photodetector arrays used in the global multichip interconnection concept: individual VCSEL/photodetector element, cluster, and chip, respectively. This paper describes the utility of elements of each of these scales and shows that, through the combination of them, simple robust systems can be constructed. This paper will examine two case studies applying this multiscale optical design. The first case study is a global chip-to-chip optical interconnection module (FAST-Net) that uses a macrolens array and mirror to effect the all-to-all optical interconnection pattern among an array of ICs on a single board. Micro-and miniscale optical elements simplify the design of the macro-lens by performing corrections at scales where they are more effective. In this system, over 11 000 optical links are implemented across a five inch multichip module with diffraction-limited RMS spot sizes and registration errors less than 5 m. The second case study analyzes designs for board-to-board optical interconnections with throw-distances ranging from one millimeter to several centimeters. In this case, micro-and miniscale optical interconnections provide insensitivity to misalignments. The results show the feasibility of an optical coupler, which can tolerate the typical packaging misalignments of 5-10 mil without placing rigid constraints on the angular sensitivity of the modules. Multiscale optical interconnection and coupling design is shown to provide an approach to simplifying design and packaging and, therefore, the costs associated with implementing optical interconnection systems.
II. CASE 1: FAST-Net GLOBAL MULTICHIP INTERCONNECTION MODULE
In the design for the second generation FAST-Net prototype, there are 704 bidirectional channels on each of the 16 SPAs, for a total of 11 264 FSOI links across the MCM. There are, therefore, 16 spatially separated clusters of 44 VCSELs and 44 photodetectors on each SPA. Fig. 2 depicts the layout for an individual cluster. The cluster is divided into spatially separate arrays of VCSELs (depicted as small dots) and photodetectors (depicted as squares). As can be seen in the figure, the shape of the cluster is octagonal, which results from the optimum circular shape as sampled by a regular square grid with a pitch of 175 m. The circular apertures of the VCSELs used in the prototype are approximately 5 m in diameter. The photodetectors (squares in the figure) have a dimension of 60 m on a side. The maximum vertical/horizontal dimensions of the cluster are 1.575 mm. Fig. 3 shows the full array of clusters on one of the SPAs in the FAST-Net prototype. As can be seen, the 16 clusters are actually achieved by selectively utilizing VCSEL/photodetectors from a regular grid of VCSELs and detectors that are arrayed in a repeating pattern of six rows of VCSELs, six rows of photodetectors, and one row of unused elements, all on a 175-m grid. The clusters are formed by sampling adjacent sets of five rows of VCSELs and photodetectors to achieve the desired cluster configuration depicted in Fig. 2 . The optical arrays are area bump bonded to a matching array of driver and receiver circuits on the underlying Silicon SPA IC. The distance between the centers of adjacent clusters on the SPA is 2.275 mm and therefore the overall SPA chip size is 10 mm.
The registration and resolution design goals for the second generation FAST-Net optical system prototype derive from an overall goal of 90% light-capture efficiency at the detector, meaning that the blur spot of any VCSEL image should be confined and registered so that its corresponding 60-m-wide square detector captures 90% of the light energy. This level of performance will ensure that the receiver detects sufficient light from the VCSEL and optical crosstalk between adjacent channels will be negligible. The combined levels of distortion error and blur size should be small enough to ensure this level of performance. The overall optical transmission efficiency for the optical system should be maximized by minimizing the number of elements in the overall lens and employing antireflection coatings to minimize reflection losses. To minimize the overall size of the MCM and achieve good SPA chip real estate utilization, a maximum lens diameter of 3 cm and an f-number of less than 1.25 were desired.
The overall goal of the design is to effect the required global interconnection pattern across a 4 4 chip array while minimizing the complexity (i.e., number of elements, cost, etc.) of the optics. Fig. 4 is a schematic depiction of one of the 16 custom-designed lenses in the system. It consists of three distinct types of optical elements referred to as "micro" (one per VCSEL or detector), "mini" (one per cluster of parallel VCSEL links), and "macro" (one per SPA). In this design, the microoptical elements are solely responsible for reducing the numerical aperture (divergence angle) of the VCSEL beam, thereby reducing the overall required lens complexity as discussed below. The mini-optical elements effect a distortion eliminating beam-steering function that was recently proposed [5] and evaluated [6] - [8] . The concept uses fixed microoptical beam-steering elements to achieve symmetrical, and hence distortion-free, ray paths through the global optical interconnection system. This approach exploits the inherent small NA of VCSELs to eliminate distortion by achieving holosymmetry for each pair of lenses. The macrooptical elements (four in each lens) implement the global optical interconnection pattern. The complexity of these macroelements is greatly reduced by the presence of the microoptical and minioptical elements. The macro-and minielements are contained in a single barrel as shown in Fig. 5 . The microelements, which reduce the numerical aperture of the VCSEL beam and therefore simplify the remainder of the lens design [9] , [10] , are integrated directly on the VCSEL/detector array, via mounting to a transparent superstrate, as depicted in the blow-up in Fig. 4 .
A. Lens Performance
The multiscale lens-design effectively partitions the critical VCSEL cluster imaging requirements into: numerical aperture control, beam steering, and off-axis imaging. The combination of the micro-, mini-, and macroscale optical elements provides an effective solution for the stringent optical system requirements. Fig. 6 shows a histogram of the root mean square (RMS) spot sizes for each VCSEL/detector link in the system as determined by ray tracing. The spot sizes for all of the links are 3-4 m. Fig. 7 shows a histogram of distortion for each VCSEL/detector link. The multiscale lens design corrects distortion from 8% (optimized without minilens elements) to 0.08%. This greater than 100 reduction in distortion reduces misalignments from 580 m to 4 m. This lack of distortion is highly unusual for off-axis imaging systems and it is achieved through the beam steering (miniscale optical elements) of the low-resultant NA VCSELs (created by the microscale elements). Without the combination of these three scales of optical components, a lens would be unreasonably complex in order to meet the wide field global off-axis imaging requirements dictated by the system. The design presented in this paper enables global optical interconnection modules, such as the one depicted in Fig. 1 , to fully exploit the anticipated terabit per second per cm capabilities of smart pixel technology.
B. Misalignment Tolerance
Since the multiscale optical interconnection system (half of which-for any pair of chips-is depicted in Fig. 4 ) is implemented as two infinite-conjugate-ratio systems in an imaging configuration, one would expect misalignments of the lens barrels to directly translate into misalignments of image spots. However, this is not the case as the multiscale design provides a measure of immunity to lens misalignments. Recall that in the design described above, the mini-and macrooptical elements are mounted in the same barrel, whereas the microoptical elements are directly integrated onto the superstrate of the optoelectronic devices. As the lens barrel is translated, due to some source of alignment or operational environment error, only the mini-and macrooptical elements are displaced. Figs. 8 and 9 compare the performance of the nominal system (no misalignments) to that with a 10-m displacement of the lens barrel. Note that the image location (measured by distortion) remains relatively unchanged, where it would have been expected to translate a corresponding 10 m. Also, note that the spot sizes have only increased slightly-up to a 9-m radius. Fig. 10 depicts the worst case encircled energy plot for one of the VCSEL detector links. Since the image is still well centered on the detector, the larger detector area will readily capture the energy. Figs. 11, 12 , and 13 depict the equivalent data for a 20-m displacement of the lens barrel. In this configuration, the distortion is still negligible, but the spot size for some of the links is beginning to be problematic. These links are at the edge of the cluster and under this displacement, are hitting near the edge of optical elements. Systems requiring additional displacement accuracy could be designed with smaller clusters allowing more margins at the lens edges. Placing the minioptical elements in the lens barrel breaks the rotational symmetry of the macrooptical elements so rotational misalignments of the barrels must be considered as well. Figs. 14, 15 a nd 16 depict similar results for a rotational misalignment of the lens barrel. The symmetry provided by the beam steering of the minioptical elements provides a well-balanced point about which the effects of misalignments are mitigated by the use of microoptical scale elements. 
III. CASE 2: BOARD-TO-BOARD OPTICAL INTERCONNECTION
Although the multiscale optical approach was originally developed for global chips-to-chips optical interconnection modules, its misalignment insensitivity in that domain makes it an interesting candidate for other interconnection problems. An interconnection application in which an array of emitters is linked to an array of detectors or guided-wave channels over a short (1 mm-2 cm) throw distance is both of great interest and is plagued by the effects of misalignments which results in an increased packaging cost. In such a configuration, the lack of "global" interconnections causes degeneracy between the scales of minioptical and macrooptical elements, i.e., often the cluster size is the same as the array size. When this is the case, we use the more commonly used macrooptical designation to describe the scale of the element. In order to quantify the benefits of the multiscale design approach, we compare it to the macrooptical-only approach. Microoptic approaches have been studied in detail but are limited in throw distance and do not provide the tradeoff between angular and translational misalignments which we will show in the multiscale approach. In this analysis, both approaches image an array of VCSELs (with a 3-mm field) onto an associated array of detectors. The analysis assumes that the link is broken into two halves: transmitting plane with its associated optics and receiving plane with its optics. All misalignments happen between these two halves.
A. Macrooptical Interconnection Approach
The first optical interconnection approach evaluated was a macrooptical one. In this case, the size of the optical ele- ments will be on the order of the optical array size (e.g., several millimeters). An expanded beam (infinite conjugate ratio) interconnection between planes will be utilized. This optical interconnection approach provides maximum tolerance to misalignments in the x and y directions [i.e., perpendicular to the optical axis (z)], as shifts between the two system halves do not affect the angle of the beam between them. The increased tolerance to x and y misalignments comes at a price of increased sensitivity to angular misalignments. We can bound the best performance of such a system by considering the lenses to be perfect elements (i.e, there is a tangential relationship between angle and position). While the x and y tolerances are on the order of the lens radius, the tolerances to angular rotations out of the plane and within the plane are extremely tight (1) and (2) where is the displacement of the image due to the misalignment (in either or ), f is the focal length of the macrolens, x is the radial off-axis distance of the VCSEL, is the angular rotation out of the plane in the direction of the x axis, and is the rotation within the plane (about the optical axis). Fig. 17 depicts a typical macrooptical interconnection approach when perfectly aligned (top) and under a 250-m y-displacement, 250-m z-displacement and 1 angular misalignment. Fig. 18 (bottom) shows associated predicted spot diagram for on-axis and full field object points in the aligned and misaligned systems in relation to a 75-m detector width. As the figure shows, slight rotations between the planes would cause link failure in a macrooptically interconnected system.
B. Multiscale Micromacrooptical Interconnection Approach
In the multiscale approach, macrooptical interconnection lenses and microoptical elements are combined with the hope of achieving the similarly increased system performance to the global multichip system. By including microoptical elements in a macrooptical expanded beam-interconnection approach the overall sensitivity to angular misalignments can be reduced. This comes at the expense of increasing the positional (x, y) insensitivity inherent in the macrooptical approach. The goal, therefore, is to design the interconnections optics which provide the best tradeoff in angular and positional tolerances, as determined by the application packaging requirements and constraints. As before, in assuming a perfect lens element, a bound on the sensitivities to positional and angular misalignments of the multiscale approach yields (3) (5) where is the distance from the microlens to the old image plane, is the distance from the microlens to the new image plane, is the lateral shift of the lens system (misalignment), and is the shift in image position due to . Fig. 19 depicts the resulting misregistrations due to the various misalignments. The top of the figure represents those of the macrooptical-only system, whereas the bottom of the figure represents those of the multiscale micro-and macrooptical approach. Note that the macrooptical approach does not suffer under small translational misalignments (upper left) but is sensitive to angular misalignments. Some of this translational insensitivity is traded off for angular sensitivity in the multiscale approach. The terms in the brackets of (4) and (5) are the previous results for the macrooptical interconnection approach. Notice that the shift of the image plane due to the presence microoptical elements yields a direct (and inverse) tradeoff between sensitivities to misalignments due to angles within and out of the image plane. for on-axis and full field spots in the aligned and misaligned systems in relation to a 75-m detector. As the figure shows, the slight rotations which plagued the macrooptical approach are readily handled by this system.
The multiscale micromacrooptical interconnection approach allows for a fluid trade space between sensitivities in positions and rotations between planes. Its main limitation is in its macroscale: if the throw distance is reduced to an extremely small distance, then the focal lengths of the macrooptical elements will necessarily become very short. Combining this with a manufacturing constraint of avoiding lenses with an excessively low f# would limit the field size of the interconnection (and, therefore, the number of links behind the macrolens). For throw distances of 1 cm or more, the multiscale approach will work well. For smaller center-to-center spacings, the microoptical interconnection approach may be more practical and would be allowable as the diffraction limits would not hinder them in this domain.
IV. CONCLUSION
This paper introduced a hybrid optical design and packaging approach that utilizes multiple sizes (or scales) of optical elements to simplify the design of the optical interconnection and coupling while providing an enhanced degree of insensitivity to misalignments inherent in the packaging of these systems. The utility of elements of each of these scales was described and it was shown that through the combination of them simple robust systems can be constructed. This paper examined two case studies in which the this multiscale optical design approach was applied. The first case study involved a global chips-to-chips optical interconnection module which uses a macrolens array and mirror to effect the all-to-all optical interconnection pattern among an array of ICs on a single board. Micro-and miniscale optical elements were shown to simplify the design of the macrolens by performing corrections at scales where they are more effective. In this system, over 11 000 optical links are implemented across a five inch multichip module with diffraction limited RMS spot sizes and registration errors less than 5 m. The second case study analyzed designs for board-to-board optical interconnections with throw-distances ranging from one millimeter to several centimeters. In this case, micro-and macroscale optical interconnections provide insensitivity to misalignments. The results show the feasibility of an optical coupler that can tolerate the typical packaging misalignments of up to 250 m without placing rigid constraints on the angular sensitivity of the modules. Multiscale optical interconnection and coupling design were shown to provide an approach to simplifying design and packaging, and therefore the costs, associated with implementing optical interconnection systems.
